In this note we consider the sensitivity of the Large Hadron Collider (LHC) to the single production of new heavy vector-like quarks. We consider a model with large mixing with the standard model top quark with electroweak production of single heavy top quarks. We consider center of mass energies of 14, 33, and 100 TeV with various pileup scenarios and present the expected sensitivity and exclusion limits.
A benchmark model for vector-like quarks
Vector-like quarks (VLQs) [1] are a general prediction of a wide class of beyond the Standard Model theories, as extra dimensions, composite Higgs models (see [2, 3, 4, 5, 6, 7, 8] for recent studies on VLQs in these frameworks), Little Higgs [9, 10] and top-coloron models [11] . We will consider as a benchmark model to describe the VLQ phenomenology a two-site description that reproduces the low-energy limit of a large set of composite Higgs models (CHM) [12] and warped extra-dimensional theories with a custodial symmetry in the bulk [13] . CHMs are compelling theories of new physics. They give an explanation of the EWSB by considering that it is triggered by a new strong dynamics, with a scale of compositeness of several TeVs. The Higgs is a field of the composite sector. Because of its composite nature, its mass is protected from radiative corrections above the compositeness scale and is further protected if it is also the pseudo-Goldstone boson of some symmetry breaking in the strong sector [14] . In this case the Higgs can be naturally much lighter than the other resonances from the strong sector (which have masses of the TeV order). A crucial role in this mechanism is played by the top-partner VLQs, arising from the strong sector, which intervene in cutting-off the top-loop contribution to the Higgs mass. The two building blocks of the effective theory we will consider are the weakly-coupled sector of the elementary fields and the composite sector, that comprises the Higgs. The two sectors are linearly coupled to each other through mass mixing terms [15] . After diagonalization, the elementary/composite basis rotates to the mass eigenstate one, made of SM and heavy states, among which the VLQs, that are admixture of elementary and composite modes. A minimal model, which incorporates the custodial symmetry and the Left-Right parity needed for CHM to pass the EWPT [16] and which includes the full set of resonances which are needed to generate the top-quark mass is that where composite fermions fill a 5 of SO(5). This same description has been adopted in [17, 18, 4] . The composite sector has a global symmetry SO(4) × U (1)X ∼ SU (2)L × SU (2)R × U (1)X and includes the Higgs
and the following set of VLQs:
namely, a weak singlet,T , partner of tR, and two weak doublets, (T, B), partner of (tL, bL), and (T 5/3 , T 2/3 ), the doublet of exotic quarks which have no direct mixing with the top. These latter, which are generally named 'custodians', can be much lighter than the other VLQs in the limit case of a fully composite tL. The elementary sector has the same particle content of the SM without the Higgs. The SU (2)L × U (1)Y elementary fields gauge the corresponding global invariance of the composite sector, with Y = T 3 R + X. The Lagrangian that describes our model (in the gauge-less limit) reads:
where [19] ). The two-site Lagrangian (3) can be diagonalized by a field rotation parametrized by:
Where sin ϕtR (shortly indicated as sR) and sin ϕL (sL) respectively represent the degree of compositeness of tR and (tL, bL). After the diagonalization of the elementary/composite mixing, the Yukawa Lagrangian for SM and heavy fields reads:
The effectice vertices λ W/Z/hχ , that can be directly extracted from the Yukawa Lagrangian in (9), are, for the different VLQs:
The above expressions are calculated by diagonalizing the mixing among fermions at first order in which parametrizes the superposition of a VLQ χ with the top. We expect corrections of O (1) in the VLQ decay rates and in the VLQ single production cross sections, for λχv/( √ 2Mχ) 1.
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Since VLQs are essentially composite states which couple strongly to composite modes and thus to longitudinally polarized weak bosons and to the Higgs, their branching-ratios are basically fixed by the equivalence theorem. One finds, approximately
Fig . 1 shows the decay branching-ratios and the total decay width for T . VLQ total decay widths depend quadratically on the effective vertices λχ.
The flavor structure of the two-site model here described has been analyzed in [20, 21, 22, 23] . In the anarchic scenario for the flavor of the composite sector, where Y * is a matrix in the flavor space with elements all of the same size, flavor observables like K and / K place strong constraints on the CHM spectrum. Recent studies [21, 24] have shown that the flavor constraints on VLQ masses can be lowered to the order of 1 TeV or below if a U (2)1 To extract the exact value of sin θ, one should fully diagonalize the 4x4 matrix of the mixing of all the 2/3 charge fermions. In the case of a fully composite t L and for λT =3 and MT = 500 GeV, corresponding to a value sin θ LÕ T = λT v/( √ 2MT ) = 1, we find, for example,
Figure 2: Single production of top-and bottom-prime VLQs. 
VLQ production mechanisms
VLQs can be produced at the LHC in pairs, the dominant mode is via gluon-gluon fusion, or singly, by means of their electroweak effective couplings to a weak boson and a SM quark (Fig. 2) . These latter production mechanisms have larger rates than those of pair productions for heavier VLQs. Moreover, analyses of single-production channels might permit the measurement of the effective couplings λχ. Fig. 3 shows the cross sections at the 33 TeV LHC for VLQ pair production and for single production of T and B (the same for T 5/3 ), for λχ = 3. TheT single-production, that proceeds via the intermediate exchange of a bottom quark 2 , has a rate significantly higher than those of B and T 5/3 single productions, which are mediated by the exchange of a top.
2T single-production can also occur at leading-order in QCD couplings, from an initial b-quark parton. In this case, however, there would not be the 'extra' b-quark in the final state, which is instead very useful to handle the SM background.
Simulation
In order to evaluate the sensitivity , samples were generated using the DELPHES [28] fast detector simulation using the generic "Snowmass Detector" parameters [25] . The background samples were generated in bins of HT , as described in [26] . The signal samples were produced using the model from one of the authors in Ref [4] as described in the Section 1.
The following scenarios were considered:
• Three scenarios at √ s= 14 TeV, with an average of 0, 50, and 140 pileup events with an integrated luminosity of 3000 fb −1 .
• Three scenarios at √ s = 30 TeV, with an average of 0, 50, and 140 pileup events with an integrated luminosity of 3000 fb −1 .
• Three scenarios at √ s = 100 TeV, with an average of 0, 50, and 140 pileup events with an integrated luminosity of 3000 fb −1 .
Channels Considered
As mentioned in Section 1 , the heavy like top quark can decay into one of three modes:
In this note we consider the later two decay modes.
T → tH
In this decay mode we focus on the decay of the Higgs to its most frequent decay into bb and the case where the top quark decays semi-leptonically into a charged lepton, neutrino and b-quark. We reconstruct the heavy VLQ in a series of steps. First we select events based on the decay topology:
• Events are required to have one lepton (muon or electron) with |η| < 2.5
• Events are required to have missing transverse energy greater than 30 GeV
• Events are required to have at three jets that have pT > 25 GeV that are identified as b-jets
• Events are required to have two jets with |η| > 3.0 (from the forward scattered quarks from the hard subprocess)
• Events are required to have HT > 750 GeV
Events are then reconstructed in the following manner. The charged lepton and the neutrino are assumed to come from the W boson in the decay. We measure the complete four-vector of the charged lepton but only can assume the two transverse components of the missing transverse energy are from the two transverse components of the neutrino. Since we are missing the longitudinal component of the neutrino momentum we must make some assumption to completely reconstruct the event. We force the invariant mass of the missing transverse momentum and the charged lepton to that of the pole mass of the W. This allows for us to solve for the longitudinal component of the neutrino momentum. This is a quadratic equation and leads to up to two real solutions. In the case of two solutions we take the solution which minimizes the angle between the charged lepton and the neutrino.
After reconstruction of the top quark candidate in the event we make the following additional requirements:
• The ∆ R between the lepton and the b-jet used for the top reconstruction must be larger than 0.7
• One Cambridge-Achen jet must have an invariant mass between 100-150 GeV
We utilize the entire Snowmass background samples to estimate the background but by far the largest contribution is standard model tt production.
T →tZ
For the tZ channel we focus on the signal with the lowest background and select trilepton events. In this decay mode we focus on the decay of the Z boson into leptons and the case where the top quark decays semi-leptonically into a charged lepton, neutrino and b-quark.
The reconstructed objects used for the analysis are selected as following:
• Jets are reconstructed using the anti−kt algorithm with r = 0.5.
They are required to have pT >higher than 30 GeVand |η| < 5.0. Jets must be isolated, therefore an overlap removal between jets is applied, in ∆R < 0.5: the jet with the higest pT >is retained and the other discarded.
• Leptons (muons or electrons) are required to have pT >higher than 20 GeVand |η| < 2.5. Furthermore they are required to be isolated from jets, within ∆R < 0.5.
A b-tagging algorithm is also available to identify jets coming from a b-quark. We reconstruct the heavy VLQ in a series of steps. First we select events based on the decay topology:
• Events are required to have exactly three leptons
• Events are required to have at least one light jet (not b-tagged)
• Events are required to have at least two b-tagged jets
The event reconstruction in this case is a bit simpler than the Ht case. First of all, the Z boson candidate is reconstructed from a pair of same flavor leptons and a cut on the invariant mass of the two leptons is applied. If in the events there are only two leptons with the same flavor (two electrons and a muon or viceversa), the two same flavor leptons are required to form an invariant mass within a 10 GeVwindow of the mass of the Z boson. If instead the three leptons have all the same flavor, the couple with the invariant mass closer to the Z boson mass are considered for the 10 GeVwindow mass cut.
After reconstructing the Z boson, the light jet from the forward scattered quarks from the hard subproces is looked for. The light jet with the highest η is selected and this jet is required to have |η| > 2.5.
The top candidate is reconstructed using the same method as described in the previous section, by using the third lepton in the event and the btagged jet that best reproduces the top mass. Furthermore a cut on the mass of the W j is applied: 160GeV < mW j < 190GeV.
Again we utilize the entire Snowmass background samples to estimate the background. The samples with the largest contributions come from diboson production and top quark pair production associated with a boson production.
Cross-Sections and Event Yields
In Table ? ? and 9 the cross sections for the signal and the main backgrounds respectively are reported, for the three center of mass energies considered in this study.
Results
The expected significances for the combination of both channels is shown in Figure 4 . 
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